Objectives To define whether adults with a Fontan circulation, who have lifelong venous congestion and limited cardiac output, have impaired glomerular filtration rate (GFR) or elevated urinary biomarkers of kidney injury. Methods We measured circulating cystatin C and creatinine (n=70) and urinary creatinine, albumin, kidney injury molecule-1 (KIM-1), neutrophil gelatinaseassociated lipocalin (NGAL) and N-acetyl glucosaminidase (NAG) (n=59) in ambulatory adult Fontan patients and 20 age-matched and sex-matched controls. Urinary biomarkers were normalised to urine creatinine concentration. Survival free from non-elective cardiovascular hospitalisation was compared by estimated GFR and urinary biomarker levels using survival analysis. Results Cystatin C GFR was lower in the Fontan group compared with controls (114.2±22.8 vs 136.3±12.8 mL/ min/1.73 m 2 , p<0.0001); GFR<90 mL/min/1.73 m 2 in 14.3% vs 0% of controls. Albumin-to-creatinine ratio (ACR), KIM-1 and NAG were elevated compared with controls; ACR=23.2 (7.6-38.3) vs 3.6 (2.5-5.7) mg/g, p<0.0001; NAG=1.8 (1.1-2.6) vs 1.1 (0.9-1.6) U/g, p=0.02; KIM-1=0.91 (0.52-1.45) vs 0.33 (0.24-0.74) ng/mg, p=0.001. Microalbuminuria, ACR>30 mg/g, was present in 33.9% of the Fontan patients but in none of the controls. Over median 707 (IQR 371-942)-day follow-up, 31.4% of patients had a clinical event. Higher KIM-1 and NAG were associated with higher risk of non-elective hospitalisation or death (HR/+1 SD=2.1, 95% CI 1.3 to 3.3, p=0.002; HR/+1 SD=1.6, 95% CI 1.05 to 2.4, p=0.03, respectively); cystatin C GFR was associated with risk of the outcome (HR/+1 SD=0.66, 95% CI 0.48 to 0.90, p=0.009) but creatinine-based GFR was not (HR/+1 SD=0.91, 95% CI 0.61 to 1.38, p=0.66). Neither ACR nor NGAL was associated with events. Conclusions The Fontan circulation is commonly associated with reduced estimated GFR and evidence for glomerular and tubular injury. Those with lower cystatin C GFR and tubular injury are at increased risk of adverse outcomes.
INTRODUCTION
Interactions between the heart, blood vessels and kidneys play a central role in the pathophenotype of heart failure (HF) in adults with acquired heart disease. Cardiorenal syndrome refers to a wide range of bidirectional adverse effects of primary heart or kidney disease on the other organ. 1 Chronic heart disease, for example, can cause progressive chronic kidney dysfunction because of adverse haemodynamics (eg, low cardiac output (CO) and high venous pressure) with related neurohormonal, inflammatory and immunological effects. In patients with either acute or chronic HF, kidney dysfunction is associated with adverse outcomes. 2 3 Clinical care focuses mainly on one dimension of kidney function, glomerular filtration rate (GFR). Equations that incorporate measurement of circulating creatinine concentration are commonly used to estimate GFR, but this approach is limited in scope and can be misleading without understanding the larger clinical context. 3 4 Other methods, including measurement of cystatin C, may improve GFR estimation and better predict outcomes. 5 6 The Fontan procedure separates the pulmonary and systemic circulations in patients born with functional single-ventricle congenital heart disease. Systemic venous return is directed to the pulmonary circulation without the benefit of a subpulmonary ventricle. Cyanosis and ventricular volume overload are alleviated at the expense of chronically elevated systemic venous pressure and limited stroke volume augmentation. These consequences are presumably associated with ongoing end organ damage. While research has focused on liver fibrosis and protein losing enteropathy (PLE), there is preliminary evidence for important adverse renal effects; one small study found that chronic glomerular injury, evidenced by microalbuminuria, was present in 9 of 21 patients with a Fontan circulation. 7 While estimated glomerular filtration rate (eGFR) provides a view of one important aspect of kidney function, alternative circulating and urine biomarkers have been identified to characterise glomerular, tubular and interstitial injury. 8 9 Albuminuria, for example, suggests injury to the glomerular filtration barrier, though it can be related to proximal tubular dysfunction. 10 Biomarkers of tubulointerstitial injury include kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL) and N-acetyl glucosaminidase (NAG). 8 Elevations in these urinary biomarkers are independently associated with disease severity and prognosis, and may distinguish underlying pathophysiology in adults with HF due to acquired heart disease. [11] [12] [13] [14] Given the presence of limited CO augmentation and elevated venous pressure in the Fontan circulation, we hypothesised that reduced eGFR and tubulointerstitial injury would be common and that markers of kidney dysfunction would be associated with adverse outcomes.
METHODS

Study sample
We enrolled outpatients ≥18 years old who had previously undergone a Fontan procedure and consented to participate between February 2012 and June 2014 at Boston Children's Hospital or Brigham and Women's Hospital. 15 None of the patients enrolled had been hospitalised in the prior 30 days. Exclusion criteria included two-ventricle repair or cardiac transplantation subsequent to Fontan procedure, known kidney disease or recent creatinine >2 mg/dL. Control subjects were selected by frequency matching for 10-year age group and sex for each of the Fontan groups (those with urine samples and those with blood samples). Controls were self-reported nonsmokers without diabetes mellitus or known kidney or cardiovascular disease recruited via two different methods: (A) postings on the Boston Children's Hospital website and (B) directly approaching people who accompanied a patient to a clinical visit in the adult congenital heart disease clinic. Only six of the selected control subjects provided both urine and blood samples; therefore, each group of 20 controls includes 6 in common and 14 additional control subjects with either blood or urine specimens. The study was approved by Boston Children's Hospital's Institutional Review Board and informed consent was obtained from all subjects; there was a formal reliance agreement between Partners/Brigham and Women's and Boston Children's Hospital Institutional Review Boards.
Biomarker assessment
Urine collected from spontaneous clean catch voids underwent centrifugation at 4000 rpm for 5 min at 4°C. Urine supernatant was aliquoted into 2 mL cryostorage tubes and frozen at −80°C; assays were performed on samples with no prior freeze-thaw cycles. At the time of assay, samples were thawed, vortexed and centrifuged at 14 000 rpm at 4°C and the supernatant was transferred to another tube.
Urine biomarkers were measured as previously described. 9 16 Briefly, KIM-1 and NGAL were measured using microbead-based assays and NAG was measured using an enzymatic assay (Roche Diagnostics, Risch-Rotkreuz, Switzerland). Creatinine and albumin were measured using a Randox Daytona analyser. All samples were measured in duplicate and the intra-assay and inter-assay coefficients of variation were <10% for all assays. A small number of measurements were below the reported lower limit of detection for each given assay (n=1 NGAL<0.53 ng/mL; n=3 NAG<0.2 U/L) and these values were set to the lower limit of detection. Blood collected via peripheral venipuncture in an ethylenediaminetetraacetic acid (EDTA) tube was processed to plasma within 30 min and frozen at −80°C. Cystatin C was measured with an enzyme-linked immunoassay (R&D Systems, Minneapolis, Minnesota, USA). Reported inter-assay coefficients of variations were 7.0%, 5.0% and 5.9% at mean values of 17.2, 30.8 and 60.9 ng/mL respectively. Other laboratory testing, including serum creatinine, was performed on fresh processed samples by a Clinical Laboratory Improvement Amendments-certified laboratory (Laboratory Corporation of America, Burlington, North Carolina, USA). GFR was estimated using Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equations using creatinine alone, cystatin C alone and the combination of creatinine and cystatin C (referred to through the text, respectively, as GFR Cr , GFR CysC , GFR CysC+Cr ). 6 17 There was no association between cystatin C and storage time (β=−0.075 ng/mL/day, p=0.30, adjusting for control status). This was also true for urine creatinine and log-transformed urine albumin, NAG, NGAL and KIM-1 (β=+0.016 mg/dL/day, p=0.74; β=+0.001 log mg/dL/day, p=0.18; β<0.0001 log mU/ mL/day, p=0.99; β=+0.00075 log ng/mL/day, p=0.45; and β= −0.00027 log pg/mL/day, p=0.67, respectively, all adjusting for control status).
Clinical and outcomes assessment
Demographic data, underlying cardiac diagnosis, prior interventions, medication use and comorbidities were extracted from medical records, along with clinical laboratory testing and cardiac imaging within 2 years of sample collection and invasive haemodynamic data within 5 years. Data on systemic ventricular function and valve regurgitation severity were extracted from clinical reports. The combined outcome of interest was time to first non-elective cardiovascular hospitalisation or death. Non-elective cardiovascular hospitalisation was defined as overnight admission for HF, arrhythmia or symptoms of arrhythmia, thrombotic or embolic events, cerebral haemorrhage or a specific Fontan-related reason (ie, ascites, PLE, plastic bronchitis).
Statistical analyses
The two-sided unpaired Student's t-test or Wilcoxon rank-sum test, as appropriate for distribution, was used to compare continuous variables. Fisher's exact test was used to analyse categorical variables between groups stratified by urine biomarker level. Continuous variables are presented as mean±SD for normally distributed variables and median (25th-75th percentile) for nonnormally distributed variables. Urine biomarkers were expressed as a ratio to urinary creatinine concentration and these creatinine-normalised values were natural log transformed because of the skewed distribution of these variables. The Pearson product-moment correlation coefficient was used to analyse the correlation between each log-transformed urine biomarker and specific clinical and biomarker covariates of interest. For this analysis, non-normally distributed variables were log transformed. The log-rank test was used to perform univariate survival analysis comparing survival times for those above with those below the median value for each urine biomarker and also comparing those with decreased and normal eGFR by the various estimating methods. Cox regression was used to adjust for potential confounding variables. Time-to-event analyses were conducted from the date of biospecimen collection to the date of the first clinical event (non-elective cardiovascular hospitalisation or death), with censoring of event-free individuals at the most recent clinical follow-up date when event status was known. The proportional hazards assumption was tested for each model both graphically ( plots of Martingale and deviance residuals by value of each predictor; cumulative Martingale residuals over time; log(-log(survival) versus log(time)) and formally (adding a time-dependent covariate; Kolmogorov-type supremum test based on 1000 simulated replications). There was no evidence this assumption was violated. Analyses were performed using SAS 9.3 (SAS Institute, Cary, North Carolina, USA) and GraphPad Prism (GraphPad Software, La Jolla, California, USA). A two-sided p value <0.05 was considered statistically significant.
RESULTS
Clinical characteristics of Fontan patients in the study sample (for n=59 with urine biomarker data; results for the n=70 with blood creatinine and cystatin C were similar and are not presented) are shown in table 1. When compared with age-frequency-matched and sex-frequency-matched controls, Fontan patients tended to be shorter (p=0.04) but were similar in terms of weight and body mass index (see online supplementary table S1).
Cystatin C, creatinine and estimated GFR Cystatin C Cystatin C levels were higher in Fontan patients compared with controls (745.7±189.4 vs 566.7±85.3 ng/mL, p<0.0001) and GFR CysC was lower (114.3±22.7 vs 136.3±12.8 mL/min/ 1.73 m 2 , p<0.0001; figure 1A ). GFR CysC was <90 mL/min/ 1.73 m 2 in 12.9% (9/70) of the Fontan subjects, but in none of the controls. There were three Fontan subjects (4.3%) with GFR CysC <60 mL/min/1.73 m 2 .
Creatinine There was no difference in serum creatinine between the Fontan subjects and controls (0. figure 1C ). Estimated GFR CysC+Cr was <90 mL/min/ 1.73 m 2 in 12.9% (the same subjects classified as GFR<90 by the cystatin C only equation) of the Fontan subjects, and none of the controls. Only one Fontan subject (2.9%) had GFR CysC +Cr <60 mL/min/1.73 m 2 . 
Urine biomarkers
Urine albumin-to-creatinine ratio (ACR), NAG and KIM-1 concentrations were significantly higher in the Fontan group than in the control group (ACR 23.2 (7.6-38.3) vs 3.6 (2.5-5.7) mg/g, Wilcoxon rank-sum p<0.0001; NAG 1.8 (1.1-2.6) vs 1.1 (0.9-1.6) U/g, p=0.02; KIM-1 0.91 (0.52-1.45) vs 0.33 (0.24-0.74) ng/mg, p=0.001; figure 2 ). There was no significant difference in urinary NGAL concentration between Fontan patients and controls (26.5 (9.6-81.0) vs 57.8 (14.1-152.6) ng/mg, p=0.13; figure 2 ).
Patients were then stratified according to the median value of each urine biomarker (see online supplementary table S2).
Those with higher KIM-1 or NAG tended to be older and there was a female preponderance in the higher NGAL group. There were no statistically significant relationships between the proportion of patients with any specific adverse clinical characteristic (eg, New York Heart Association functional class (NYHA FC) >1, arrhythmia) though the few patients with uncommon adverse consequences of the Fontan circulation (eg, ascites, PLE) tended to have higher KIM-1 and NAG.
Urine biomarker levels were not associated with underlying congenital heart disease (CHD) diagnosis, ventricular morphology, Fontan type, ventricular function or valve regurgitation. Those with NAG levels above the median were more likely to be taking digoxin and all patients on thyroid replacement had KIM-1 levels above the median; otherwise, there was no relationship between urine biomarker level and medication use.
Correlations between estimated GFR, urine biomarkers and clinical variables
There was modest correlation between the four urine biomarkers, with the strongest relationship being between KIM-1 and NAG (r=0.48, p=0.0002; partial correlation using linear regression adjusting for urine creatinine to avoid spurious correlation). 18 Interestingly, higher systolic blood pressure tended to be associated with lower KIM-1 and higher GFR CysC , though the association was weak (table 2). Older age correlated modestly well with higher KIM-1 and NAG, but was more strongly associated with lower GFR CysC . Oxygen saturation was not correlated with any urine biomarker, but correlated directly with lower GFR CysC . Platelet count was associated with KIM-1 (r=0.30, p=0.03). There was little relationship between urine biomarker level and common liver tests. The two exceptions were that higher ACR was associated with higher serum albumin (r=0.28, p=0.03) and higher KIM-1 was associated with lower aspartate aminotransferase (AST) (r=−0.29, p=0.03). High-sensitivity C reactive protein was inversely associated with GFR CysC (r=−0.32, p=0.008) and directly associated with NAG (r=0.38, p=0.003). Uric acid level was inversely associated with GFR CysC (r=−0.38, p=0.001) but was not associated with urine biomarker levels. Only 20 patients had B-type natriuretic peptide (BNP) measured for clinical indications; in this subset, there was no significant relationship between logtransformed BNP and any urine biomarker, while higher BNP was associated with lower GFR CysC (r=−0.59, p=0.006). We repeated these analyses for correlations between GFR Cr and the variables described above for GFR CysC ; the correlations were weaker for the creatinine-based GFR estimates.
Higher GFR CysC was associated with higher % predicted peak VO 2 (n=60, r=0.41, p=0.0009) and lower V E :VCO 2 slope (r= −0.31, p=0.02). Higher log ACR was associated with higher peak VO 2 (n=51, r=0.32, p=0.02) and lower V E :VCO 2 slope (r=0.31, p=0.03). The was no relationship between any of the other urine biomarkers and either peak VO 2 or V E :VCO 2 slope.
Outcomes analysis
Median follow-up duration was 707 (371-942) days. There were 22 events overall: 19 non-elective cardiovascular hospitalisations (2 with subsequent death) and 3 deaths without preceding non-elective hospitalisation. Median time to event was 388.5 (161-653) days. Of the 19 first non-elective hospitalisations, 10 were primarily for arrhythmia (most atrial), 6 for HF including ascites and 3 were for other reasons: hypotension and dizziness, cerebrovascular accident and haemoptysis. Three of the deaths were due to sudden death of unknown cause, one was pulseless electrical activity in the context of elective Figure 1 Tukey box plots of estimated glomerular filtration rate (eGFR) for Fontan subjects and an age-and sex-matched control group are presented. The top (A), middle (B) and bottom (C) sets of graphs, respectively, show data on GFR estimated using serum cystatin C alone, serum creatinine alone, or both creatinine and cystatin C. eGFR CysC , eGFR Cr , eGFR CysC+Cr: estimated glomerular filtration rate, CKD-EPI equation using cystatin C alone, creatinine alone and the combination of both creatinine+cystatin C, respectively. cardioversion of atrial arrhythmia and progressive HF and one was due to cardiac arrest during a hospitalisation for sepsis due to cellulitis. Among the subset of 59 subjects with urine collected, follow-up time was similar and there were 20 events overall including all 5 deaths.
GFR estimates Cystatin C
Higher GFR CysC was associated with lower risk of incident events (HR per 1 SD=0.66, 95% CI 0.48 to 0.90) and this relationship was similar after adjustment for age or NYHA functional class (table 3). The subset of nine patients with GFR CysC <90 mL/min/1.73 m 2 were at substantially increased risk of adverse outcomes (HR 3.25, 95% CI 1.26 to 8.40).
Creatinine
There was no apparent relationship between GFR Cr and risk of incident events. Adjustment for age or NYHA functional class did not importantly affect this result. Concordantly, the 16 patients with GFR Cr <90 mL/min/1.73 m 2 were not at appreciably higher risk of adverse outcome (table 3) .
Cystatin C and creatinine
There was a trend towards lower risk of incident events with higher GFR CysC+Cr . Since the same patients were classified as having GFR<90 mL/min/1.73 m 2 by both the cystatin C only equation and the combined equation, survival analysis was identical.
Urine biomarkers KIM-1
Higher KIM-1 was associated with greater hazard for the combined outcome, whether expressed as a log-transformed continuous variable or dichotomised by median value (table 4 and figure 3 ). This relationship was unaffected by adjustment for age, NYHA FC or GFR CysC (table 4). 
NAG
Higher NAG was also associated with greater risk for the combined outcome. This relationship was independent of NYHA functional class (when expressed as a dichotomous variable) but was attenuated somewhat by adjustment for age or GFR CysC ( figure 3 and table 4 ).
NGAL and ACR
Neither NGAL nor ACR was associated with incident events when analysed as continuous variables. This remained the case when categorised by median value and after adjustment for age, GFR CysC or NYHA functional class ( figure 3 and table 4) .
DISCUSSION
This study demonstrates that, compared with age-matched and sex-matched controls, adults with a Fontan circulation tend to have (1) reduced GFR as estimated by circulating cystatin C, (2) a higher prevalence of microalbuminuria consistent with glomerular injury and (3) elevated urinary biomarkers indicative of tubular injury. Reduced GFR CysC , elevated urinary KIM-1 and elevated urinary NAG were each associated with an increased incidence of the composite end point of non-elective cardiovascular hospitalisation or death.
Interaction between the heart, vasculature and kidneys is central to the pathophysiology of HF. There is a wide spectrum of pathological cardiorenal interactions, often referred to under the umbrella term cardiorenal syndrome. It is well demonstrated that acutely or chronically low CO causes reduced renal perfusion and, potentially, renal ischaemia. More recent studies have detailed the key contribution of elevated right atrial pressure and venous congestion to predict worsening GFR. In patients with systolic HF, both low CO and high right atrial pressures are associated with impaired renal function and increased mortality. 19 20 Diastolic HF (normal left ventricular ejection fraction (LVEF) and CO), however, is also associated with significant renal insufficiency and increased mortality, further suggesting venous congestion plays a central role in kidney dysfunction in HF. 2 We report the presence of impaired GFR in patients with a Fontan circulation relative to normal controls. All the methods to estimate GFR that we analysed suggest that more than 1 in 10 of these patients had reduced GFR (<90 mL/min/1.73 m 2 in 12.9%, 12.9% and 22.9% using cystatin C, combined and creatinine estimates, respectively) and that a small subset (∼3-4%) had GFR<60 mL/min/1.73 m 2 . These values likely underestimate the prevalence of importantly low GFR since we excluded patients with known clinical kidney disease. A recent study of patients following Fontan palliation, including mainly paediatric patients, similarly reported that 10.3% of the 68 patients had GFR<90 mL/min/1.73 m 2 . 21 While each estimating equation suggested a similar proportion of patients with reduced GFR, The Pearson correlation coefficient is presented for relationships between age, BMI, blood pressure, saturation, levels of other circulating biomarkers and each urine biomarker (normalised to urinary creatinine concentration and log transformed). However, due to potential spurious correlation in the relationships between calculated variables sharing the same denominator, 18 relationships between urine biomarkers reflect the type II partial correlation coefficient from a linear regression model with a log-transformed urine biomarker as the dependent variable, another log-transformed urine biomarker as the dependent variable adjusting for urine creatinine concentration. Correlations between urine biomarkers include the subset of patients with available urine data (n=59), while those for cystatin C GFR include all subjects with available data (n=69 or 70/70 for all biomarkers except platelets and alkaline phosphatase where data were available for only n=67 and 63/70, respectively). Data on oxygen saturation were available for n=54 and 64 patients for the urine subset and blood subset, respectively. ACR, albumin-to-creatinine ratio; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BP, blood pressure; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; GFR CysC, estimated glomerular filtration rate, CKD-EPI cystatin C equation; hsCRP, high-sensitivity C reactive protein; KIM-1, kidney injury molecule 1; MELD-XI, Model of End-Stage Liver Disease Excluding International normalized ratio (INR); NAG, N-acetyl glucosaminidase; NGAL, neutrophil gelatinase-associated lipocalin. HRs with 95% CIs for glomerular filtration rate estimated using three different equations, univariate and adjusting for age or NYHA FC. Results for GFR CysC+Cr <90 mL/min/1.73 m 2 are not presented because the results are identical to those for GFR CysC <90 mL/min/1.73 m 2 . GFR Cr , GFR CysC , GFR CysC+Cr , estimated glomerular filtration rate, Chronic Kidney Disease Epidemiology Collaboration equations using creatinine, cystatin C and cystatin C+ creatinine, respectively; NYHA FC, New York Heart Association functional class; cystatin C estimates suggested an overall distribution shift toward lower GFR while the creatinine-based approach did not. It is unclear why the creatinine-based GFR estimates were lower than those based on cystatin C. One might have expected the converse since patients with a Fontan circulation have lower lean muscle mass then matched controls. 22 It may be that features of the Fontan circulation other than GFR affect cystatin C levels; chronic systemic inflammation is one possible explanation. While prior large studies including a wide spectrum of congenital heart disease diagnoses reported an association between creatinine-based GFR estimates and mortality, 23 only cystatin C estimates of GFR were associated with increased risk of incident adverse outcomes in this study focusing on patients with a Fontan circulation. As has been suggested in broader epidemiological studies, 24 this may suggest that cystatin C provides a more accurate or otherwise informative estimate. Additional study is needed to assess the relative accuracy and prognostic significance of different GFR estimates in the Fontan population. The number of subjects at risk in each group from time of biospecimen collection is listed below each graph; hatch marks designate censored observations. Eventfree survival refers to survival without non-elective cardiovascular or Fontan-related hospitalization. Comparison was performed using the Log Rank test. CV, cardiovascular; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; NAG, N-acetyl glucosaminidase; ACR, albumin-to-creatinine ratio.
Our findings support previous reports that microalbuminuria or at least trace dipstick proteinuria is prevalent in patients with a Fontan circulation. 7 21 This is concerning in the context of extensive evidence that microalbuminuria predicts adverse cardiovascular outcomes in patients with various underlying disease as well as in the general population. Albuminuria is generally associated with the presence of renal endothelial or glomerular dysfunction. We were, therefore, surprised by the lack of association between urine microalbuminuria and adverse outcomes in this study. Small sample size and relatively few events could explain the finding, though we were able to demonstrate a higher incidence of adverse outcomes for patients with elevated concentrations of two other urine biomarkers. The association between the presence of microalbuminuria and better aerobic capacity was also unexpected. Microalbuminuria can be a normal finding in some healthy people after intense exercise, though the mechanism has not been well defined. Frequent and intense aerobic activity could cause microalbuminuria in patients with a Fontan circulation in the context of exaggerated increases in venous pressure and limited CO. 25 It is plausible that microalbuminuria might indeed identify chronic episodic renal ischaemia and congestion in a subset of active, fit patients, but the benefit of regular exercise outweighs collateral kidney injury. In any case, microalbuminuria does not appear to strongly predict disease severity or prognosis.
Conversely, two markers of tubular injury, KIM-1 and NAG, were predictive of adverse events. KIM-1 is a membrane bound protein, and metalloproteinase-dependent processes cleave the ectodomain into the urine and extracellular spaces following injury. 8 NAG originates in cellular lysosomes and its large size precludes glomerular filtration; NAG therefore only appears in the urine with proximal tubule injury and loss of lysosomal integrity. 8 Population-based studies have reported higher levels of various urine biomarkers, including KIM-1, predict adverse outcomes including incident kidney disease, cardiovascular events and death. 26 27 Studies in adults with chronic HF have demonstrated increased levels of urinary biomarkers suggestive of both glomerular and tubular injury and have shown such elevation to be associated with adverse outcomes. [12] [13] [14] There was no difference in urinary NGAL between the Fontan and control groups, in contrast to the findings on ACR, KIM-1 and NAG. One reason may be the distinct anatomic source of NGAL compared with the other markers. NGAL is present in low concentrations in various biological fluids, including serum and cerebrospinal fluid. 28 While urinary KIM-1 and NAG derive from the proximal tubule, urinary NGAL is synthesised in the distal nephron (loop of Henle and distal tubules), and possibly through glomerular filtration of circulating NGAL. 28 Interestingly, urinary KIM-1 and NAG appear to parallel the severity of venous congestion in adults with HF and levels respond to acute diuresis; this is not true for NGAL.
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The selective elevation in KIM-1 and NAG, therefore, may correspond to the mechanism and location of renal injury (ie, elevated venous pressure, proximal tubule). The lack of NGAL elevation, however, could alternatively be explained by the study design. Women comprised a slightly larger proportion of the control group relative to the Fontan group; the difference was not statistically significant but could bias towards lower NGAL in the Fontan group since women have higher urine NGAL levels than men. 29 There are few published data on the effect of storage at −80°C on NGAL, and none extend >6 months. 30 There was no linear relationship between storage time and urinary NGAL in our study sample, but this does not exclude idiosyncratic time-related declines.
LIMITATIONS
The small number of events precludes comprehensive multivariable adjustment, and our findings may be attributable to confounding. The age-matched and sex-matched comparison group represents a convenience sample and may not derive from an equivalent at-risk population as the Fontan subjects. While these results suggest GFR, urinary KIM-1 and urinary NAG are associated with adverse outcome in Fontan patients, the sample size is relatively small and further study is required to validate these findings and define whether this association is additive to information provided by alternative biomarkers and other clinical variables already in use.
We did not measure GFR directly. No method based on an isolated concentration of any molecule provides precise GFR estimates within the range of values seen in this study (eg, Modification of Diet in Renal Disease (MDRD) and CKD-EPI estimates based on creatinine each have 95% limits of agreement >±30 for GFR>90 mL/min/1.73 m 2 ). 17 While the better predictive power of cystatin C estimates provides some support for its applicability in these patients, it is unknown how well any estimate performs relative to directly measured GFR in the Fontan population. Further study with larger sample size and specialised methods (eg, iohexol clearance) will be required to determine whether one or another method is particularly appropriate in these patients.
CONCLUSIONS
Adults with a Fontan circulation often have impaired GFR and glomerular and tubular injury as evidenced by higher urinary albumin, KIM-1 and NAG. Lower GFR CysC as well as higher urinary KIM-1 and NAG were predictive of adverse outcomes.
Key messages
What is already known on this subject? Patients with a single-ventricle Fontan circulation have elevated venous pressure and limited cardiac output. Little is known about kidney function in this population. Research on adults with congenital heart disease, only a subset of whom have a Fontan circulation, suggests that reduced glomerular filtration rate is relatively common and associated with adverse outcomes. One small study of the Fontan circulation reported a high prevalence of albuminuria.
What might this study add?
This study suggests that adults with a single-ventricle Fontan circulation have (1) impaired glomerular filtration rate, as estimated by circulating cystatin C, (2) cystatin C estimates of glomerular filtration rate are associated with adverse outcomes while creatinine-based estimates are not, (3) there is active glomerular and tubular injury as evidenced by elevated urinary biomarkers and (4) a urinary biomarker profile consistent with proximal tubular injury is associated with adverse outcomes.
How might this impact on clinical practice?
These results suggest that further study is merited on whether cystatin C rather than creatinine may be preferable to estimate glomerular filtration rate in this population. The urine biomarker findings raise the possibility that such testing may help identify patients with disadvantageous haemodynamics and worse prognosis.
